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This paper describes the processes that lead to formation of a porous salt film on an iron electrode surface. It is assumed that the current oscillations observed during anodic polarization of iron in acidic sulfate solutionsl. 2 are caused by transitions between the active and the passive states. Beck 3 has demonstrated that formation of a salt film composed of ferrous sulfate is a necessary precursor to oxide passivation for iron in sulfuric acid solutions. Other authors have also shown the importance of salt-film formation in the passivation of iron, 4 particularly in the presence of convection. 5 This paper describes the buildup of ferrous ions near the electrode surface that leads to the initial precipitation and growth of the salt film. These processes are mathematically modeled. A perturbation technique is used as a guide in setting up the equations describing initial film formation. The perturbation solution indicates sources of errors in the numerical formulation and may be used to estimate the order of magnitude of these errors.
We now describe the events that lead to film formation. Initially, no salt film covers the electrode surface. Assume that the electrode potential is
stepped from the open-circuit potential to a value where a limiting current or sustained current oscillations are observed. A high current begins to flow.
The ferrous ion concentration builds up in the diffusion layer near the electrode surface. The surface concentration transiently increases above the saturation concentration of FeS0 4 to a maximum supersaturation value. The maximum supersaturation concentration is between 1.8 and 2.6 times greater than the saturation value. 
Mathematical model
The equations that describe the ferrous ion concentration buildup process will be derived in this section. This concentration buildup, when no salt film is present, will be referred to as phase 1. Four ionic species and the potential are included in this model. The unknowns are numbered in the following way for notational convenience:
Fe++
The concentration of each ionic species is governed by the following material balance equation.
( 1)
The flux density, Ni, contains contributions due to migration, diffusion, and convection: (2) The current may be calculated at any position by summing the charge that is being transported by the individual species. ( 3)
The solution is assumed to be electrically neutral. Equations (6) and {7) replace Equations (1) fori= 1 and 2.
Conservation of charge implies that the current density must be independent of position in a one-dimensional system. 
(B)
Equations {4), (6) to (B), and Equation {1) with i = 4 are the five independent eql}ations used to solve for the concentrations of the four ionic species and the potential. R 4 is assumed to be equal to zero in Equation (1).
One-dimensional form
This model considers variations only in the direction normal to the electrode surface, y. Radial variations are ignored. ln the following development, the velocity in the electrolyte is approximated by the first term of its power-series expansion in y: 9 · 10
where a= 0.51023. A dimensionless time 11 and distance 12 are defined as
and ( 11) In terms of these dimensionless variables, Equation (7) becomes (12) The material balance for Fe++, Equation (1) with i = 4, becomes
The concentration buildup of ferrous ions is a transient process. The following distance variable permits more accurate monitoring of this process because it is stretched by the square root of time.
The time derivatives of concentration in the preceding material balance equations should be evaluated at constant x. The following transformation
gives the relationship between time derivatives at constant x and constant ~-
Substitution of this transformation into Equations (12) to (14) gives (17) (18) and (19) Equations (17) to (19) are the forms of the material balance and the charge conservation relationships that are solved numerically in the electrolytic solution. The equilibrium and electroneutrality equations are applied directly.
Boundary conditions in the bulk solution
In the bulk solution, it is assumed that the ferrous ion concentration iszero. The HS04, H+, and S04-concentrations are determined by the specified bulk concentration of sulfuric acid, the equilibrium expression, and the electroneutrality equation. If c}IeS 04 is the bulk concentration of sulfuric ,., acid, then
where K is the equilibrium constant in Equation (6) . The other bulk concentrations become:
8 (22) and (23) The potential may be set equal to zero at ~max because only gradients of potential enter in the material balance equations.
(24)
Boundary conditions at the electrode surface
The reduced flux of species i at the electrode-salt film interface, Nfur, is given by
The flux of total hydrogen and total sulfate must be zero at the electrode surface. This leads to the following conditions: (26) and NF = -mur . (27) Equilibrium, Equation (B), and electroneutrality, Equation (4) , are applied at the electrode surface.
The final boundary condition is a kinetic expression that det~rmines the flux of ferrous ions due to dissolution of the electrode. A Butler-Volmer relationship having the same for~ as used by Law and Newman 13 is presumed to apply:
The reference electrode of a given kind is a normal hydrogen electrode. {28) agrees closely with the data. The curve determined by Equation {28) is included in Figure 2 for comparison with the data.
The Tafel slope for the data is 60 mV /decade. Bockris, Drazic, and Despic 14 reported Tafel slopes of 60 mV/decade when they did not subject the electrolyte to special purification steps. These results are in agreement with their work for low pH electrolytes composed of reagent grade chemicals.
The !lux of ferrous ions is expressed in terms of the current density.
The electrode surface is assumed to be uncovered during phase 1, so that the superficial current density, i, may be equated with the Butler-Volmer current density calculated in Equation {28 ).
It should be emphasized that the hemispherical electrode was used to provide kinetic data because of the uniform potential distribution associated with this geometry. This model, however, is a simulation of salt-film formation on a disk electrode.
Calculation of V-cfJ 0
The experiments yield values of the electrode potential relative to a reference electrode of a given kind. The reference electrode is located in the bulk solution, essentially at infinity. The numerical simulation calculates the potential difference between a point just outside the diffuse double layer and a point just beyond the diffusion layer. The ohmic potential drop in the bulk electrolyte must now be included in the calculation. Figure 3 is a onedimensional plot indicating the various potentials relevant to the problem.
The potential difference V-cfJ RE is separated in the following manner
The second term on the right side of Equation (30) is the potential difference . .
/'"". 
The ohmic resistance is estimated to be equal to the resistance for a primary current distribution on the surface of the disk, 
The ohmic potential drop in the diffusion layer is implicitly contained in both the second and the third terms on the right side of Equation (30). This can be seen in Figure 3 . To avoid counting this contribution twice, it must be subtracted; this is the purpose of the fourth term on the right side of 
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Modification of the Butler-Volmer equation
Convergence was very slow when Equation {35) was programmed directly.
More than 12 iterations were required to obtain convergence to 10 significant figures. Rapid convergence may be obtained if the logarithm of Equation (35) is used
Again, Equation (29) is substituted for the current density when it appears in Equation (36).
The superior convergence of the logarithmic form is illustrated in Figure   4 . The error in the equation is plotted after each iteration. Four iterations were sufficient to achieve a relative convergence of 10 significant figures for the logarithmic form. More than 12 iterations were required for the same level of convergence with the algebraic form, Equation (35). The algebraic form reduces the error by a factor of e -1 on each of the first 8 iterations. This is the expected behavior for a Newton-Raphson iteration scheme applied to an exponential function for an initial guess that is far from the answer. By· working with the logarithm of the equation, the curvature of the exponential is tremendously reduced, and convergence is achieved much more rapidly.
Physical property data
The program requires a number of physical property values and other data. These are summarized in Table 1 . The dimensionless time, t, is assumed to be reset equal to zero at this instant.
As time proceeds, the following steps occur:
{i) Diffusion of ferrous ions from the bulk solution causes the salt film to thicken. Initially, the film thickness is approximately proportional to the square root of time.
(ii) The maximum ferrous ion concentration transiently decreases. This is due to dissipation down the positive concentration gradient, feeding saltfilm growth, and to dissipation down the negative concentration gradient toward the bulk solution, where the concentration is zero. . 
.Mathematical model for initial salt-tilm formation
The equations used to describe the initial salt-film formation process are now derived. The concentration profiles on Figure 5 between x = 0 and x = 5 are stored in the computer memory. These profiles are used to determine boundary conditions for the problem defined below.
Equations (6), (4), and (12) to (14) are the starting point for this model.
The distance domain is separated into two distinct regions: the porous salt film and the electrolyte solution near the salt film-solution interface. The salt-film thickness, 6 11 , is included as an additional unknown in this problem.
The salt-film thickness is a function of time; however, it is independent of distance. The following is used as the governing equa_tion .for the salt-film thickness.
(37)
The coordinate transformations used in these two regions are now presented.
Co-ordinate transformation for the solution region
A distance variable for the electrolytic solution region is chosen so that it always has a value of zero at the salt film-.solulion interface; it is stretched in the lime variable to facilitate monitoring the transient· concentration .. :z: -o:r:
where o;r; is a dimensionless salt-film thickness obtained by multiplying oy by the factor in Equation (11). It should be emphasized that tis reset to zero at the instant of initial precipitation.
The transformation of the time derivatives evaluated at constant x to time derivatives at constant~ is analogous to Equation (16 {45)
The electrode-salt film boundary is located at TJ = 0. The salt film-electrolyte boundary is located at 1} = 1. 
..
(49)
These are the material balances and the charge conservation relationship for the pores of the salt film. The porosity in the salt film, e. 1 , is assumed to be a constant, independent of position in the film. The porosity is accounted for in the formulation of the boundary conditions; it does not explicitly appear in Equations ( 4 7) to ( 49). The velocity is assumed to equal zero in the pores of the salt film, so no convection term is included in the above equations. The equilibrium and electroneutrality equations are applied directly. The governing equation for the salt-film thickness becomes
Structure of equations 
Boundary conditions at ~IIIII][
The boundary conditions at ~max are established by calculating the corresponding position in terms of the variable :z:. x~ =Vi amax + o). Equation (44) for the film thickness is applied directly at this location.
Boundary conditions at film-solution interface
The net fiux of any species at the film-solution interface is defined as the fiux arriving from the pores of the salt film less the fiux moving into the electrolyte. 
{56)
The bracketed terms on the right side of Equation (55) represent a reduced ftux in the pores of the salt film. This quantity is multiplied by the film porosity, ~"/, so that a superficial fiux results.
The interfacial boundary conditions are now listed in terms of the net ftux expressions.
The net ftux of ferrous ions must equal the net ftux of total sulfate. This is because formation or dissolution of ferrous sulfate consumes or releases an equal number of ferrous and sulfate ions.
{57)
The first box in the Film-Electrolyte Interface column on Figure 6 represents Equation (57).
The charge conservation equation is applied directly at the salt filmsolution interface. The current density !lowing out of the salt-film pores is equated to the current density !lowing into the electrolyte. Care must be taken to account for the porosity of the salt film correctly.
. .
• .~
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The ferrous concentration is fixed at the saturation concentration of ferrous sulfate at the interface .
(58)
The second box in the Film-Electrolyte Interface column on Figure 6 represents Equation (58).
Equilibrium, Equation (6) , and electroneutrality, Equation (4), are applied directly.
The final relationship is a material balance on the ferrous species that determines the change in the thickness of the salt film.
(59)
This equation is similar to one derived by Tiedemann and Newman. 22 The last box in the Film-Electrolyte Interface column of Figure 6 represents Equation (59).
Boundary conditions at the electrode surface
The reduced fiux of species i at the electrode-salt film interface, NfUr, is given by a~ aci N[Ur ::::: -Z;.'IL;, Fe;.
The ftux of total hydrogen and total sulfate must be zero at the electrode surface. This leads to the following conditions:
and
The first two boxes in the Electrode column of Figure 6 represent Equations (61) and (62).
Equilibrium, Equation (6), and electroneutrality, Equation (4), are applied at the electrode surface. Equation {50) for the salt-film thickness is also applied at the electrode surface.
The third box in the Electrode column of Figure 6 represents the ButlerVolmer kinetic expression given in Equation (28) . Formation of the salt film may result in a certain fraction of the surface being blocked, and therefore unable to undergo dissolution. The fraction of the electrode area that is not blocked is denoted as e 8 , the surface porosity. The superficial current density, i, is related to the Butler-Volmer current density, ibv' and to the pore current density by the following relationship:
The salt-film porosity, e 1 , is not necessarily equal to the surface porosity.
The tlux of ferrous ions at the electrode-film interface is related to the 
This quantity is initially much smaller than the quantity calculated in Equation (65) 
The boundary condition for the ferrous species at TJ = 0 is then represented by an equation analogous to Equation (35), where the superficial current density is replaced by Equation (64).
Solution technique
The domains in { and TJ are discretized as shown in Figure 7 . The equations that were summarized in the discussion of Figure 6 are written in finite-difference form.
In the interior of either the salt-film region or the solution region, the material-balance equations are programmed in terms of fluxes that are evaluated between mesh poinls. This technique is described by Pollard 23 and utilized by Pollard and Newman.
· 25
As before, Newman's method 16 . .-•.
•
Crank-Nicholson procedure. 17 A more detailed description of the numerical solution technique can be found elsewhere. 26 White 27 presents an alternative scheme for solving a problem with two distinct physical regions. Interior image points are employed at the boundary between the two regions. Matrix algebra is used to eliminate the interior image point coefficients so that BAND 16 may be used directly to obtain the solution. It was found that this method was not as accurate as the half-mesh-point formulation outlined here. Specifically, the interior-imagepoint formulation would calculate a small disappearance of total hydrogen at the salt film-solution interface when the current density was uniform over the entire distance domain. The half-mesh-point formulation balanced total hydrogen correctly at the interface. 
Zero-time solution
At t = 0, boundary condition Equation (59) 
{74)
These results may be rationalized by noting that the film has zero thickness at t =to+. The terms that explicitly contain tin Equations (41) and (42) A further objective of this perturbation analysis is to calculate accurately the short-time current density just after initial salt-film formation. The details of this calculation are presented elsewhere, 26 but the results will be summarized in the next section. As noted in the previous section, the perturbation analysis also indicates the correct form for boundary conditions at t = to+· It is not necessary to carry out a full numerical solution of the perturbation problem in order to obtain the two results just described.
As t increases to values approaching unity, the position at x( will equal . mu or exceed xmalt. At this point the boundary conditions for the bulk solution,
Equations (20) to (24) •.
Results

Zero-time profile
·"
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Change in current density
A decrease in superficial current density is expected with initial salt-film formation. Figure 8 is a plot of the superficial current density as a function of (V-cll 0 ) for E 8 = 1.0,· 0.1, and 0.01. The dashed line represents the ohmic limit. The intersection of the ohmic limit line with any of the three currentpotential curves represents the superficial current density which would fiow if varying conductivity in the diffusion layer and diffusion potentials were ignored.
During phase 1, no salt film covers the electrode surface, so that Es = 1.0.
The superficial current density is equal to the Butler-Volmer current density ..
At t 0 _, the superficial current density is 1.915 A/cm 2 , as shown by point A on. Table 1 .
Point A has a current density that is lower than the intersection of the ohmic limit curve with this current-potential curve. This decrease is due to the additional resistances associated with the two factors mentioned above. If the initial salt film forms with Es = 0.1, the superficial current density decreases to a numerically calculated value of 1. 760 A/ cm 2 . The ButlerVolmer current density is a factor of 1/es (=10) higher than the superficial value. Therefore, the value of { V-cll 0 ) increases to -0.0794 V from -0.1364 V to permit this higher current density. A similar, but more dramatic, effect is observed for E 8 = 0.01. The Butler-Volrner current density must now be 100 times larger than the superficial current density. (V-cll 0 ) increases to -0.0228 V, and the superficial current density decreases to a numerically calculated value Of 1.595 A/cm 2 •
The current densities calculated by the program and plotted on Figure 8 are obtained at the end of the first time step following initial precipitation.
The er:_d of the first time step corresponds to a calculated time of 5.6x10" 7 s after initial salt-film formation. To calculate a value of the current density at The initial increase in salt-film thickness is nearly proportional to the square root of time. This is shown in Table 3 , where it is seen that 6 is nearly a constant function of the dimensionless time, t.
The small increase in 6 observed at very short times is due to the flux of ferrous arriving through the pores of the salt film. This flux adds to the flux arriving from the electrolytic solution and allows the film to increase slightly more rapidly than it would if diffusion from solution were the only source of material for salt-film growth. At later times, the value of 6 decreases noticeably. This is due to a reduction in the flux of material diffusing from the electrolytic solution. This reduction is caused by the decrease in the maximum concentration of ferrous ions in the electrolyte. At larger values of t, th~ concentration profile of ferrous ions will be a monotonically decreasing function in the electrolyte. Under these conditions the salt film will always dissolve into the electrolytic solution. The continued corrosion current provides a flux of material that is used to maintain the presence of the salt film. The increasing ferrous ion concentration at the electrode surface will increase the back reaction rate. The flux of ferrous ions moving through the salt film will decrease, and this will also cause 6 to decrease.
Part II of this series 28 describes changes in potential and concentration profiles that occur in the pores of the salt film. These changes, along with changes in the surface porosity, are responsible for the oscillations ·observed in the iron-sulfuric acid system. . .
